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The critical supersaturations required for the homogeneous nucleation ~rate of 1 drop cm23 s21! of
ethylene glycol, propylene glycol, trimethylene glycol and glycerol vapors have been measured over
wide temperature ranges ~e.g., 280–400 K! using an upward thermal diffusion cloud chamber. At
lower temperatures the experimental nucleation rates are much higher than the predictions of the
classical nucleation theory. Glycerol shows the best agreement between experiment and theory in
the temperature range of 340–370 K. An apparent increase in the critical supersaturation of glycerol
is observed with increasing carrier gas ~helium! pressure and this effect is more pronounced at lower
temperatures. The results from corresponding states and scaled nucleation models indicate that the
nucleation behavior of glycerol is quite different from other glycols. Glycerol requires higher critical
supersaturations compared to the other glycols at the same reduced temperatures. This implies quite
small critical clusters for glycerol ~20–50 molecules! in the temperature range 300–380 K. The
discrepancy between experiment and theory at lower temperatures may be explained by considering
that the surface tension of the critical clusters is lower than the bulk surface tension. It is, however,
surprising that a Tolman type correction for the curvature dependent surface tension could be
applicable for such small critical clusters. Further theoretical work is required in order to fully
understand the observed higher nucleation rates at lower temperatures of glycols and glycerol.
© 1996 American Institute of Physics. @S0021-9606~96!51139-6#
I. INTRODUCTION
Nucleation is one of the most ubiquitous and important
phenomena in science and technology. It plays a role in ma-
terials science and metallurgy, crystal growth and chemical
processing, aerosol formation, cavitation, crack propagation,
quality control, turbine design, wind tunnels, atmospheric
science, and cosmochemistry.1–4
Vapor phase homogeneous nucleation involves the de-
cay of a metastable state, i.e., a supersaturated vapor, by the
spontaneous occurrence of large thermal fluctuations, that is,
through the formation of droplets of the liquid phase. Drop-
lets that are larger than a critical size grow, and thus the
stable phase results. The supersaturation at which the meta-
stable state collapses and the nucleation rate increases explo-
sively is known as the critical supersaturation. The experi-
mental studies of homogeneous nucleation are usually
concerned with two fundamental measurements. These are
the determination of the temperature dependence of the criti-
cal supersaturation for the onset of nucleation and the deter-
mination of the temperature and supersaturation dependences
of the rate of nucleation.5,6
There is currently an enormous growth of interest in
studying the the vapor phase homogeneous nucleation for
different classes of substances.5–22 This interest is due in part
to the need for comparing experimental data with predictions
from different nucleation theories in order to develop an ad-
equate quantitative theory. In addition, these measurements
are important in determining the nucleating ability of differ-
ent vapors and the conditions of their participation in the
formation of ultrafine aerosols.
The most popular theory of homogeneous nucleation of
a liquid from its vapor is known as the classical nucleation
theory ~CNT!.1–4 This theory is based on the capillarity ap-
proximation which treats the nucleus for condensation as a
small fragment of a bulk liquid with the same macroscopic
properties such as surface tension and density. Although the
CNT has provided significant progress in qualitatively under-
standing the factors that control the formation of the new
phase, it fails to provide a consistent molecular picture of the
nucleation process as well as quantitative predictions of the
rate of nucleation as a function of temperature and supersatu-
ration. Several models have been suggested to improve the
theory, but in most cases, they have retained the capillarity
approximation.23–28 Other significant developments based on
density functional theory, kinetic molecular theory, statistical
mechanics, and molecular simulation methods have been
proposed in recent years.29–44 Several useful reviews on the
recent developments of nucleation theories are available in
the literature.35,43,44
Systematic studies of homogeneous nucleation of differ-
ent classes of compounds with a variety of molecular prop-
erties are desirable in order to test nucleation theories. Such
studies can also provide insight into the role of different
molecular properties in the nucleation process. This informa-
tion is necessary in order to develop scaling laws for homo-
geneous nucleation which are not dependent on any particu-
lar form of the theory. In this way, general patterns in
nucleation behavior can be revealed that cannot be seen on
the basis of a substance-by-substance comparison between
experiment and theory. Toward this goal, we have examined
the homogeneous nucleation of the nonpolar substances
SiCl4 , SnCl4 , and TiCl4 .12–14 In these systems, the experi-a!Author to whom correspondence should be addressed.
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mental critical supersaturations (Sc) required for the onset of
nucleation ~rate of 1 drop/cm3/s! agree within a few percent
with the predictions of the CNT. However, when the experi-
mental results are compared among the series using a suit-
able dimensionless form, it becomes clear that TiCl4 shows a
different behavior compared to the other tetrachlorides CCl4 ,
SiCl4 , and SnCl4 . We have also studied the homogeneous
nucleation of the highly polar substances, acetonitrile,
benzonitrile, nitromethane, and nitrobenzene where the di-
pole moments range from 3.5–4.4 D.9,10 The experimental
results of this series reveal significant disagreements with the
predictions of the CNT. The supersaturated vapors of these
compounds are found to be more stable with respect to con-
densation than those of the weakly polar or nonpolar sub-
stances which are well described by the CNT.
In the present study, we investigate the vapor phase ho-
mogeneous nucleation of a series of hydrogen bonding sub-
stances, namely ethylene glycol, propylene glycol, trimethyl-
ene glycol and glycerol. These substances are characterized
by strong hydrogen bonding interactions in the liquid phase
and a strong tendency to supercool and vitrify at low tem-
peratures into rigid glasses. They are also convenient media
for various spectroscopic studies of biological molecules and
they play important roles ~particularly glycerol! in biological
systems. Furthermore, these compounds are common work-
ing fluids in many technological processes, and it is impor-
tant to measure the conditions ~temperature, pressure, super-
saturation! under which liquid droplets can be generated by
homogeneous nucleation and growth from their supersatu-
rated vapors.
The objectives of this work are to report the experimen-
tal data for the temperature dependence of the critical super-
saturations of glycols and glycerol and to compare the results
with the predictions of the CNT. Furthermore, we also ana-
lyze the experimental results in terms of corresponding states
and scaling models for homogeneous nucleation in order to
allow comparison with other structurally related substances.
II. EXPERIMENT
The present data were obtained using an upward thermal
diffusion cloud chamber @see Fig. 1~a!#. The general descrip-
tion of this device and the details of its operation are avail-
able elsewhere.9 The onset of nucleation is determined by
observing the forward scattering of light from drops falling
through a horizontal He–Ne laser beam positioned near the
middle of the chamber. These drops originate near the eleva-
tion at which the maximum ~peak! supersaturation occurs
~;0.7 reduced height!. A measurement consists of setting
the temperatures of the top and bottom plates so that the
chamber is barely nucleating at a rate of 1–3 drops cm23 s21.
Under these conditions, measurements are made of the total
pressure Pt , the temperature of the evaporating pool T0 , and
the temperature of the upper plate T1 . The temperatures of
both plates are then decreased ~or increased! by about 5 °C
and the measurement is repeated. To insure reproducibility
each measurement was repeated at least three times. In order
to eliminate the interference from ion nucleation resulting
from cosmic ray or natural radioactive sources, the measure-
ments are performed with a constant electric field of 40 V/cm
applied between the chamber plates.
All chemicals were obtained from Aldrich with stated
purity of at least 99% and were degassed repeatedly by the
freeze–pump–thaw method and transferred to the cloud
chamber through a vacuum line. The carrier gas was research
grade helium ~99.999% pure!.
III. RESULTS AND DISCUSSION
The chamber parameters T0 , T1 , and Pt at which a
steady nucleation rate of 1–3 drops cm23 s21 occurs for
ethylene glycol, propylene glycol, trimethylene glycol, and
glycerol are listed in Tables I–IV, respectively. In all the
experiments reported in Tables I–IV, no visible convection
was observed in the chamber and the total vapor density was
a monotonically decreasing function of chamber height.
The thermophysical properties needed to solve the
boundary value problem associated with heat and mass flux
in the chamber to obtain the supersaturation and temperature
profiles are given in Table V.45–49 Based on the estimated
errors in the thermophysical properties and the uncertainty in
measuring T0 , T1 , and Pt , we estimate the overall error in
the experimentally determined supersaturation as 4%–6%.
An example of the dependence of supersaturation, tem-
perature and partial pressure on elevation within the chamber
is given in Fig. 1~b!. The peak supersaturations achieved in
the chamber as a function of temperature are plotted for each
FIG. 1. ~a! Schematic of the diffusion cloud chamber experiment for homo-
geneous nucleation. ~b! Total vapor density, temperature, equilibrium vapor
pressure, partial pressure and supersaturation profiles calculated for the ob-
served nucleation of 1–3 drops cm23 s21 for ethylene glycol.
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experiment in Figs. 2–5 for ethylene glycol, propylene gly-
col, trimethylene glycol, and glycerol, respectively. The en-
velope of each set of peaks represents the variation of the
critical supersaturation (Sc) for each compound with tem-
perature. These envelopes are shown as the solid lines in
Figs. 2–5.
Because of the low vapor pressures of the studied com-
pounds, it was not possible to examine the effect of carrier
gas pressure on the nucleation rate over a wide temperature
range without introducing convection effects which limit the
window of stable operation of the cloud chamber. Therefore,
measurements were carried out at different carrier gas pres-
sures only over a limited temperature range. In these experi-
ments, a small and reproducible increase in the critical su-
persaturation was observed with an increase in the carrier gas
~helium! pressure. The pressure effect was more pronounced
at lower temperatures and was most significant for glycerol
in comparison to the three glycol compounds. An example of
TABLE I. Measured data for each experiment for ethylene glycol. T0 , the temperature of the pool surface in
Kelvin; T1 , the temperature of the top plate in Kelvin; Pt , the total pressure in kPa; Smax , the maximum
supersaturation in the chamber; T (Smax) , the temperature at Smax , and Pt/P0 is the pressure ratio in the chamber
where P0 is the equilibrium vapor pressure of ethylene glycol at T0 .
P tot T0 T1 T~Smax! Smax P tot/P0
7.184 349.5 289.3 300.7 6.2 12.8
7.251 356.0 294.7 306.0 6.1 8.9
22.179 363.4 298.5 310.5 6.1 18.2
7.744 365.3 302.7 314.5 5.8 5.8
7.024 333.0 275.0 285.5 7.1 34.0
7.238 339.8 280.7 291.8 6.7 22.9
7.318 348.2 287.6 299.2 6.5 14.0
7.011 332.3 274.6 285.0 7.0 35.5
7.238 342.6 282.8 293.9 6.7 19.4
6.891 336.0 277.7 288.7 6.8 27.6
3.506 330.2 273.4 283.9 7.1 20.3
3.546 337.4 279.5 290.5 6.9 13.0
3.199 331.8 274.8 285.2 7.1 16.7
3.452 344.9 285.9 296.6 6.7 8.0
3.825 350.3 290.3 301.1 6.5 6.5
21.953 351.3 287.8 299.3 6.8 35.2
21.100 344.3 284.1 295.8 6.3 50.9
22.539 362.1 298.3 310.8 5.8 19.9
22.379 361.7 298.0 310.5 5.8 20.2
38.401 359.2 294.2 306.7 6.3 39.6
42.440 376.9 309.8 322.9 5.4 17.4
40.933 362.7 298.2 310.5 5.8 34.9
42.919 375.1 309.0 322.0 5.3 19.3
59.927 382.4 314.7 328.0 5.1 18.8
57.021 361.5 296.0 308.7 6.2 51.9
58.181 367.5 301.1 313.9 5.9 38.5
59.367 373.8 306.5 319.3 5.6 28.4
69.364 404.9 333.0 347.7 4.7 7.8
67.511 393.8 322.9 337.1 5.1 12.4
76.442 417.8 344.0 359.0 4.4 5.0
78.201 421.0 347.4 362.5 4.2 4.5
62.633 380.2 312.8 326.1 5.1 21.8
66.205 394.3 323.3 337.5 5.1 11.9
73.843 380.9 312.2 325.9 5.3 24.9
75.482 388.2 318.6 332.2 5.1 18.0
79.507 401.3 330.0 344.2 4.7 10.4
71.310 374.2 306.6 319.5 5.6 33.5
74.602 386.1 316.6 330.3 5.2 19.6
109.005 379.4 310.0 323.4 5.6 39.5
113.470 390.8 320.5 334.5 4.9 23.9
125.093 416.5 341.5 357.0 4.5 8.6
109.031 379.7 310.2 323.6 5.6 38.9
111.124 385.1 315.2 329.2 5.2 30.6
113.430 391.1 320.0 334.1 5.1 23.6
116.989 400.7 328.3 343.1 4.8 15.8
130.731 402.5 329.3 344.3 4.8 16.3
133.930 408.8 334.5 349.5 4.7 12.7
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TABLE II. Measured data for each experiment for propylene glycol. T0 , the temperature of the pool surface;
T1 , the temperature of the top plate in Kelvin; Pt , the total pressure in kPa; Smax , the maximum supersaturation
in the chamber; T (Smax) , the temperature at Smax , and Pt/P0 is the pressure ratio in the chamber where P0 is the
equilibrium vapor pressure of propylene glycol at T0 .
P tot T0 T1 T~Smax! Smax P tot/P0
21.966 342.9 289.6 301.3 4.1 35.7
22.406 348.0 294.3 306.4 3.9 27.0
21.593 342.9 289.5 301.1 4.1 35.0
22.219 348.3 294.4 306.5 3.9 26.5
23.619 354.8 299.9 312.0 3.8 19.6
23.419 360.6 304.8 317.4 3.8 14.2
23.979 367.0 310.1 322.7 3.8 10.4
24.565 372.4 315.0 327.4 3.7 8.2
25.405 378.3 320.5 333.4 3.5 6.4
27.311 388.0 328.6 341.4 3.5 4.3
21.726 343.4 289.5 301.3 4.2 34.3
22.646 354.3 299.8 311.8 3.8 19.4
23.312 360.3 304.6 317.2 3.8 14.4
23.966 367.0 310.5 322.9 3.7 10.5
24.965 371.5 314.8 327.6 3.6 8.7
26.005 377.9 320.0 333.0 3.6 6.7
28.884 391.5 332.1 345.0 3.3 3.9
30.403 397.0 336.8 349.7 3.2 3.2
25.965 378.5 320.6 333.5 3.5 6.4
27.284 385.6 326.9 339.9 3.5 4.8
27.338 385.6 327.0 340.0 3.4 4.8
29.031 392.5 332.8 345.8 3.3 3.8
30.537 397.6 337.0 350.2 3.2 3.2
37.508 373.8 315.6 328.6 3.6 11.7
38.721 379.5 320.8 334.2 3.5 9.2
39.880 386.0 326.8 340.1 3.4 6.9
41.706 392.9 332.4 345.9 3.4 5.3
36.921 349.5 294.6 306.7 4.0 40.9
37.734 355.3 299.6 311.7 3.8 30.5
38.614 361.0 304.6 317.2 3.7 23.0
38.614 361.0 304.5 317.2 3.7 23.0
39.560 367.0 310.0 323.1 3.6 17.2
40.693 373.5 315.6 328.6 3.5 12.8
42.133 379.1 320.4 333.3 3.5 10.1
44.159 387.4 327.6 341.1 3.4 7.2
37.694 355.5 299.6 311.7 3.9 30.2
38.587 361.3 304.9 317.4 3.7 22.7
39.454 367.4 310.1 323.2 3.6 16.9
40.760 374.4 316.4 329.3 3.5 12.4
43.959 387.1 327.3 340.8 3.4 7.3
47.771 398.4 337.0 350.7 3.3 4.8
50.224 404.3 341.8 355.4 3.2 3.9
52.796 409.5 346.3 360.0 3.1 3.3
40.760 373.3 315.4 328.4 3.5 13.0
41.946 379.4 320.4 333.3 3.5 10.0
47.598 397.5 336.0 349.8 3.3 5.0
47.691 397.9 336.0 349.8 3.4 4.9
116.775 412.6 346.0 361.2 3.3 6.5
121.214 418.5 351.4 366.6 3.2 5.3
121.241 417.8 350.5 365.8 3.3 5.5
126.172 423.6 355.9 370.7 3.1 4.6
116.469 411.6 345.6 360.6 3.3 6.7
121.027 417.3 350.5 365.6 3.2 5.6
141.314 412.5 345.8 361.0 3.3 7.9
145.713 417.8 350.5 365.8 3.2 6.6
137.595 407.9 342.0 357.3 3.3 9.3
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TABLE III. Measured data for each experiment for trimethylene glycol. T0 , the temperature of the pool surface
in Kelvin; T1 , the temperature of the top plate in Kelvin; Pt , the total pressure in kPa; Smax , the maximum
supersaturation in the chamber; T (Smax) , the temperature at Smax , and and Pt/P0 is the pressure ratio in the
chamber where P0 is the equilibrium vapor pressure of trimethylene glycol at T0 .
P tot T0 T1 T~Smax! Smax P tot/P0
22.873 363.5 295.0 307.2 6.8 29.1
23.419 370.4 301.6 314.4 6.2 20.9
23.952 375.9 306.3 319.6 6.0 16.3
24.579 382.4 312.8 326.5 5.5 12.2
26.045 394.8 322.0 335.8 5.6 7.3
23.046 364.5 296.8 309.5 6.5 27.7
23.486 370.8 302.0 314.7 6.2 20.5
24.712 382.0 312.3 325.4 5.6 12.5
27.111 399.3 327.1 340.8 5.1 6.3
26.431 393.0 322.5 336.0 5.1 8.0
27.351 399.0 328.5 342.5 4.7 6.4
28.244 403.9 332.8 346.8 4.6 5.3
29.364 409.1 337.5 351.8 4.4 4.4
30.843 415.5 342.5 356.8 4.3 3.6
32.736 421.8 348.5 362.7 4.0 3.0
34.855 427.1 353.1 367.7 3.7 2.6
25.898 382.0 315.0 328.3 4.8 13.1
26.685 387.1 320.0 333.8 4.6 10.6
27.604 395.0 326.1 339.9 4.6 7.7
22.619 369.5 299.5 312.5 6.8 21.0
23.979 375.5 304.9 317.8 6.4 16.5
24.192 385.5 314.6 328.5 5.7 10.3
24.899 390.6 319.6 333.3 5.4 8.4
25.752 395.8 324.6 338.8 5.1 6.9
26.618 400.6 328.6 342.9 5.0 5.8
25.845 382.5 314.8 328.2 5.0 12.7
26.738 387.9 320.0 333.8 4.8 10.3
27.764 395.3 326.1 340.0 4.6 7.6
28.871 401.9 331.3 345.3 4.6 5.9
31.950 414.1 341.9 356.5 4.3 3.9
33.722 420.3 346.6 361.4 4.1 3.3
35.655 421.3 348.8 363.2 3.9 3.3
36.575 423.5 350.8 365.5 3.8 3.1
39.174 429.8 355.6 370.2 3.6 2.6
51.010 390.0 321.1 335.1 4.6 17.8
54.076 402.5 332.3 346.7 4.2 10.9
48.784 384.3 315.8 329.9 4.8 22.1
49.984 389.5 320.5 334.5 4.7 17.7
53.183 403.6 332.5 347.1 4.4 10.1
56.155 409.5 337.0 351.7 4.3 8.4
56.795 415.5 341.9 356.6 4.3 6.7
56.782 414.4 342.0 357.3 4.1 6.9
58.728 419.8 346.5 361.9 4.0 5.8
61.340 425.9 351.5 367.2 3.9 4.8
64.352 432.0 356.4 371.9 3.9 4.0
62.460 423.5 351.5 366.7 3.7 5.3
50.850 396.3 321.5 335.8 5.6 13.4
46.918 373.5 301.0 314.2 6.9 35.8
47.718 377.8 305.5 319.2 6.4 29.5
49.757 389.0 315.5 329.8 5.8 18.1
50.943 394.9 320.1 334.4 5.7 14.2
60.634 426.4 352.3 367.9 3.9 4.6
39.534 379.5 310.5 324.0 5.3 22.5
41.400 389.9 319.9 333.9 4.9 14.5
44.252 405.3 333.1 347.7 4.6 7.9
39.640 379.3 309.0 322.8 5.7 22.8
42.933 398.3 328.0 342.4 4.5 10.3
44.372 405.0 333.6 348.1 4.4 8.0
49.437 394.3 323.9 337.9 4.7 14.2
51.197 403.1 331.5 346.2 4.5 10.0
52.596 410.3 338.0 352.5 4.3 7.6
54.262 416.5 342.6 357.4 4.3 6.1
55.502 420.5 346.1 361.0 4.2 5.3
46.132 387.1 314.4 328.5 5.7 18.3
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this effect on the critical supersaturation of glycerol is shown
in Fig. 6.
The effect of carrier gas pressure on the homogeneous
nucleation of several compounds ~apparent decrease in the
nucleation rate with an increase in carrier gas pressure! was
observed in DCC experiments reported by several
groups.50–52 In those experiments the observed pressure ef-
fect increased with decreasing temperature or with increasing
molecular weight of the condensing vapor. The present data
on glycerol ~Fig. 6! are consistent with the previously re-
ported trends. It is interesting, however, to note that no effect
of carrier gas pressure has been observed on the homoge-
neous nucleation rates measured in expansion cloud
chambers7,8,53 or by Laval nozzle expansions.54
It is generally assumed that the role of the carrier gas in
the nucleation process is only the thermalization of the em-
bryonic droplets. In the limit of very low carrier gas pres-
sures, the latent heat of condensation cannot be easily re-
TABLE IV. Measured data for each experiment for glycerol. T0 , the temperature of the pool surface in Kelvin;
T1 , the temperature of the top plate in Kelvin; Pt , the total pressure in kPa; Smax , the maximum supersaturation
in the chamber; T (Smax) , the temperature at Smax , and Pt/P0 is the pressure ratio in the chamber where P0 is the
equilibrium vapor pressure of glycerol at T0 .
P tot T0 T1 T~Smax! Smax P tot/P0
8.477 415.1 329.0 340.8 24.5 24.3
8.717 421.4 334.5 346.1 22.5 17.8
7.984 390.3 307.8 318.1 35.4 99.6
8.144 396.3 313.0 323.3 31.7 70.1
8.317 401.8 317.8 328.9 28.8 51.4
8.930 421.0 334.4 346.0 22.2 18.6
9.210 426.0 338.5 350.9 21.1 14.7
9.517 433.3 344.4 356.5 20.4 10.4
9.437 430.9 342.0 354.4 21.1 11.7
9.810 437.5 347.9 360.0 19.8 8.6
10.637 449.5 357.0 370.0 18.9 5.3
11.929 461.5 367.0 380.2 16.4 3.4
12.889 468.9 372.0 385.1 15.2 2.6
9.317 427.8 338.4 350.1 23.3 13.5
10.423 445.5 353.8 366.7 19.4 6.2
11.663 457.9 363.9 376.6 17.4 3.9
8.637 399.4 313.9 324.4 34.5 61.6
8.970 410.9 323.6 335.0 29.0 32.7
9.224 417.0 328.9 340.1 26.8 23.8
17.501 421.4 334.0 346.3 22.0 35.7
18.381 433.6 343.5 355.8 20.2 19.7
18.887 439.4 347.9 360.9 19.8 15.2
19.474 446.5 353.3 366.2 19.4 11.1
20.860 458.5 363.3 376.9 17.7 6.8
18.967 439.6 348.8 361.7 19.0 15.1
16.875 404.1 319.0 330.6 28.6 90.6
17.194 410.0 323.9 335.4 26.4 66.0
17.488 415.6 328.8 340.3 24.2 48.8
18.661 432.3 342.8 355.0 20.0 21.5
19.114 438.3 347.0 360.1 19.8 16.3
16.341 391.0 308.6 319.1 33.8 193.9
20.673 457.1 362.5 376.0 17.5 7.1
19.247 439.0 347.6 360.7 19.7 15.7
21.966 462.5 366.9 380.5 16.9 5.9
24.019 474.5 376.9 390.3 14.9 3.9
15.555 394.0 309.5 320.1 36.7 154.1
15.728 399.5 314.4 325.0 32.7 111.6
15.968 405.6 319.9 331.4 29.0 78.5
16.715 416.6 328.5 340.2 25.8 44.1
16.888 422.1 333.5 345.9 23.6 33.0
17.248 427.9 337.5 350.0 23.2 24.9
17.634 433.4 341.5 354.0 22.8 19.2
15.288 392.5 309.4 319.9 34.3 166.2
15.862 403.1 318.5 329.9 28.6 90.3
16.528 415.5 328.5 340.0 24.6 46.6
33.642 416.0 326.9 338.9 27.6 91.7
34.336 423.0 333.0 345.1 24.4 64.0
35.842 435.5 343.0 356.1 21.5 35.1
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TABLE V. Thermophysical properties of ethylene glycol, propylene glycol, trimethylene glycol, and glycerol.
Values of M , the molecular weight in g/mol; Tc , the critical temperature in K; Pc , the critical pressure in kPa;
Tb , the normal boiling point in K; D12 , the binary diffusion coefficient at 273 K, and 101.3 kPa; s , the exponent
of the temperature dependence; a , the thermal diffusion factor; DHvap , the enthalpy of vaporization at the
normal boiling point in cal/mol; d , the density of the liquid in g/cm3; Pe , the equilibrium vapor pressure in kPa;
s, the surface tension in dyn/cm; Cp , the isobaric specific heat of the vapor in J/mol K; h, the viscosity of the
vapor in poise; l, the thermal conductivity of the vapor in cal/cm s K.
Ethylene glycol
M562.069, Tc5645.0, Pc57698, Tb5470.5
D12a50.341 96, sa50.75, ab50.3, DHvapc514 032.4
dd51.134720.1026E22*t20.7094E26*t2 ~t: 7–116 °C!
Log Pee59.39423064.9/T1Log~133.3! ~T: 326–393 K!
sf550.2120.890*t ~t: 20–140 °C!
Cpg535.7010.2483*T21.497E24*T213.010E28T3
hh50.9758E25*T1.5/(T1315.0) ~T: 280–390 K!
li520.1045E2410.1144E26*T10.1333E29*T2 ~T: 280–390 K!
Propylene glycol
M576.096, Tc5625.0, Pc56060, Tb5460.5 K
D12a50.2924, sa50.75, ab50.3, DHvapc513 575
dd51.060921.1705E23*t21.0045E26*t2 ~t: 233–226 °C!
Log Pee59.330022970.9/T1Log~133.3! ~T: 319–461 K!
sj541.1820.099*t dyn/cm ~t: 30–60 °C!
Cpf50.632210.4212*T22.981E24*T218.951E28*T3
hh50.9638E25*T1.5/(T1344.4) ~T: 300–400 K!
li521.0040E2517.9335E28*T11.7004E210*T2 ~T: 240–400 K!
Trimethylene glycol
M576.096, Tc5724.0, Pc58901, Tb5487.6,
D12a50.2924, sa50.75, ab50.3, DHvapc513 782.3
dd51.077520.8658E23*t20.5248E26*t2 ~t: 33–227 °C!
Log Pee59.047923008.4/T1Log~133.3! ~T: 333–466 K!
sf547.4320.0903*t ~t: 20–140 °C!
Cpg58.26913.676E21*T22.162E24*T215.053E28*T3
hk50.9298E25*T1.5/(T1313.2) ~T: 240–400 K!
li520.1295E2410.1328E26*T10.1497E29*T2 ~T: 240–400 K!
Glycerol
M592.095, Tc5726.0, Pc56678, Tb5563.0
D12a50.2803 sa50.75, ab50.3, DHvapc518 188.9
dd51.287420.1293E22*t20.5837E26*t2 ~t: 233–227 °C!
Log Pce510.428624155.9/T1Log~133.3! ~T: 400–563 K!
sl565.5520.9485*t ~t: 20–150 °C!
Cpg58.42414.442E21*T23.159E24*T219.378E28*T3
hh50.9879E25*T1.5/(T1378.2) ~T: 300–500 K!
li520.1490E2410.1028E26*T10.1035E29*T2 ~T: 300–500 K!
Heliumm
M54.006
h51.455E25*T1.5/(T174.1) ~T: 300–500 K!
l57.37697E2511.139222E26*T16.343536E210*T2 ~T: 270–400 K!
aReference 45.
bThe thermal diffusion factor is approximated as a50.3 by analogy to the values for other mixtures found in K.
E. Grew and T. L. Ibbs, Thermal Diffusion of Gases ~Cambridge University Press, Cambridge, 1952!, pp.
128–130.
cReference 46, p. C727.
dReference 47, Eq. ~3-11.11!, p. 67.
eReference 46, p. D204.
fReference 48.
gReference 47.
hReference 47, Eq. ~9-4.15!, p. 400.
iReference 47, Eq. ~10-3.17!, p. 505.
jSurface tension measurements were carried out at Philip Morris Research Center, Richmond, VA ~Dr. Peter
Lipowicz, unpublished data!.
kReference 47, Eq. ~9-4.9!, p. 396.
lReference 46, p. F37.
mReference 49.
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moved from newly formed clusters and this should lead to
higher critical supersaturations. At intermediate pressure
range ~typically in the range of several Torr!, the removal of
the heat of condensation is effective and further increase in
the carrier gas pressure should have no effect on the thermal-
ization of the clusters. In fact, theoretical calculations sug-
gest that the thermalization effect of the carrier gas is unmea-
surably small in typical homogeneous nucleation
experiments.55,56 Furthermore, by treating the nucleation pro-
cess in the presence of a carrier gas as a binary system,
Oxtoby and Laaksonen have arrived at the conclusion that
the effect of the carrier gas pressure on both the rate and the
critical supersaturation is very small.57 In addition, recent
analysis by Kashchiev has confirmed the conclusion of
Oxtoby and Laaksonen by showing that the effect of the
carrier gas is relatively small when the total pressure is not
much greater than the atmospheric pressure.58
Considering that significant pressure effects on the
nucleation process have been observed in the DCC experi-
ments which could not be explained by nonideality and
Poynting effects,59 one must consider the effect of pressure
on the growth of the nuclei into macroscopic droplets which
are usually detected by light scattering in order to count the
nucleation events. We have investigated this effect by solv-
ing the equations of motion and growth of the droplets
within a DCC and the details of the calculations are reported
FIG. 2. Critical supersaturation vs temperature for ethylene glycol. Dashed
line represents theory. Solid curve represents the experimental envelope of
critical supersaturation, and dots represent the maximum supersaturations
achieved in the chamber.
FIG. 3. Critical supersaturation vs temperature for propylene glycol. Dashed
line represents theory. Solid curve represents the experimental envelope of
critical supersaturation, and dots represent the maximum supersaturations
achieved in the chamber.
FIG. 4. Critical supersaturation vs temperature for trimethylene glycol.
Dashed line represents theory. Solid curve represents the experimental en-
velope of critical supersaturation, and dots represent the maximum super-
saturations achieved in the chamber.
FIG. 5. Critical supersaturation vs temperature for glycerol. Dashed line
represents theory. Solid curve represents the experimental envelope of criti-
cal supersaturation, and dots represent the maximum supersaturations
achieved in the chamber.
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elsewhere.60 Here, we only present the main conclusions for
the effect of total pressure on the time required for the
growth of nuclei into detectable droplets.
It can be shown that increasing the carrier gas pressure
slows down the rate of growth of the droplets within the high
supersaturation region of the cloud chamber thus the droplets
fall ~due to gravity effects! before they have enough time to
become detectable objects. Since the intensity of light scat-
tered by the droplet is proportional to R2 ~where R is the
radius of the droplet!, it follows that at higher pressures
droplets may not grow large enough that significant amounts
of light are scattered. This could lead to an underestimation
of the nucleation rates at higher pressures. An interesting
possibility could arise if DCC nucleation experiments are
conducted in a microgravity environment where the effect of
gravity can be fully accounted for or eliminated. This will
make it possible to increase the total pressure in the DCC
while keeping the droplets within the region of maximum
supersaturation for longer times. In this way, one can accu-
rately examine the effect of increasing carrier gas pressure
on the rate of nucleation.
A. Comparison with the classical theory
The prediction of the CNT for the dependence of Sc on
T is computed from
J5~a/d !~2NA
3sM /p !1/2~SPe /RT !2 exp~2W*/RT !,
~1!
where, J is the rate of nucleation ~cm23 s21!, a is a sticking
coefficient and is set equal to 1, d is the liquid density, NA is
Avogadro’s number, s is the flat surface tension of the
liquid, M is the molecular weight, S is the supersaturation
ratio (P/Pe) where P is the pressure of the vapor, and Pe is
the equilibrium or ‘‘saturation’’ vapor pressure at the tem-
perature of the vapor T , and R is the gas constant. The cen-
tral quantity in the rate equation is the barrier height W*
which is given by
W*516pNAM 2s3/3~dRT ln S !2. ~2!
By setting J51 in Eq. ~1! and using the literature values of
the equilibrium vapor pressure, liquid density and surface
tension ~as listed in Tables V!, the dependence of Sc on T is
obtained for each compound. The results are shown as the
dashed curves in Figs. 2–5.
It is clear from the results in Figs. 2–5 that the predic-
tions of the CNT deviate strongly from the experimental re-
sults at lower temperatures. The magnitude of the discrep-
ancy in Sc is shown in Table VI where we compare the
experimental and theoretical Sc for all the investigated com-
pounds at four different temperatures within the range of the
experimental measurements.
It should also be noted that critical supersaturations mea-
sured for other hydrogen bonding substances such as metha-
nol, ethanol, and propanol show changes in the slope of the
temperature dependence of the critical supersaturation differ-
ent from the predictions of the classical theory with a cross-
over at some temperature which depends on the molecular
size of the alcohol.61–63 The present data for glycols and
glycerol is consistent with that general trend previously ob-
served although the magnitude and the sign of the tempera-
ture dependence effect are different from alcohol data.
Since the CNT predicts temperature dependences of Sc
for these systems which are significantly different from the
experimental results, this raises the question of how the sur-
face tension of the critical cluster compares to the bulk value.
A significant decrease in the bulk surface tension at lower
temperatures would be required to bring the CNT into agree-
ment with the experimental results. This suggests that if the
FIG. 6. Effect of carrier gas pressure ~helium! on the critical supersaturation
of glycerol.
TABLE VI. Comparison between experimental, S ~exp! and calculated, S
~CNT! supersaturations at different temperatures.
Ethylene glycol
Temp, K Sexp SCNT % dev.
284.0 7.2 10.5 31.1
310.0 5.9 6.7 12.6
340.0 4.8 4.6 4.4
366.0 4.1 3.6 15.8
Propylene glycol
Temp, K Sexp SCNT % dev.
300.0 4.1 7.0 41.8
350.0 3.3 3.7 8.3
374.0 3.1 2.9 6.0
384.0 3.0 2.7 12.0
Trimethylene glycol
Temp, K Sexp SCNT % dev.
306.0 7.0 10.0 30.4
330.0 5.4 6.7 19.8
360.0 4.0 4.6 12.3
384.0 3.4 3.6 5.8
Glycerol
Temp, K Sexp SCNT % dev.
316.0 37.9 50.9 25.5
344.0 24.6 24.9 1.3
374.0 15.8 14.0 13.0
406.0 12.7 8.7 44.9
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CNT is essentially correct, the embryonic droplets of the
glycol molecules might be adequately described by smaller
surface tensions than their bulk values. Note that at lower
temperatures the critical nuclei are smaller. Therefore, the
present results suggest that the surface tension of the critical
clusters of glycols and glycerol could be considerably
smaller than bulk values. This effect has been observed in
the molecular dynamics simulations of small clusters.
Thompson et al. have reported surface tensions which in-
crease with size for clusters of 54 to 896 Lennard-Jones
particles.64 Shreve et al. have reported similar results for
clusters of 50 to 896 Stockmayer molecules.65 Also, Georgy
and Schug have found that a size dependent surface tension
was required to bring cluster distributions predicted by the
classical nucleation theory into agreement with the results of
their Monte Carlo simulations of Lennard-Jones particles.66
The dependence of droplet surface tension on curvature
was examined using thermodynamic arguments by Tolman67
and statistical mechanical theory by Kirkwood and Buff.68
Based on their work, Abraham presented a simplified ‘‘order
of magnitude’’ argument for the curvature dependence sur-
face tension which can be written as69
s~r !5s~`!/~112d/r !, ~3!
FIG. 7. Critical supersaturation vs temperature calculated using size depen-
dent surface tension for ethylene glycol ~dotted line!. Solid curve represents
the experimental results and dashed curve the CNT results ~with bulk sur-
face tension!.
FIG. 8. Critical supersaturation vs temperature calculated using size depen-
dent surface tension for propylene glycol ~dotted line!. Solid curve repre-
sents the experimental results and dashed curve the CNT results ~with bulk
surface tension!.
FIG. 9. Critical supersaturation vs temperature calculated using size depen-
dent surface tension for trimethylene glycol ~dotted line!. Solid curve rep-
resents the experimental results and dashed curve the CNT results ~with bulk
surface tension!.
FIG. 10. Critical supersaturation vs temperature calculated using size de-
pendent surface tension for glycerol ~dotted line!. Solid curve represents the
experimental results and dashed curve the CNT results ~with bulk surface
tension!.
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where, s(r) is the surface tension of a droplet of radius r ,
s~`! is the surface tension at zero curvature ~r5`!, and d is
half the thickness of a molecular layer in the liquid. It should
be pointed out, however, that the application of Eq. ~3! to
very small critical clusters may only be valid when 2d/r!1.
In order to investigate the effect of size-dependent sur-
face tension, we used the following correction to the curva-
ture dependent surface tension:70
s~r*,T !5sT~12r1 /r*!, ~4!
where r1 is the radius of the monomer and r* is the radius of
the critical cluster. Using this equation we obtained new ex-
pressions for the barrier height and the rate of nucleation.
The critical supersaturations obtained using the curvature de-
pendent surface tensions are shown in Figs. 7–10. It is clear
from these figures that using the curvature dependent surface
tension specified by Eq. ~4! results in supersaturations much
less than the experimental results. Of course, it is possible to
consider r1 in Eq. ~4! as an adjustable parameter in order to
obtain the best agreement with the experimental results. It is
interesting to note that at lower temperatures the surface ten-
sions of the critical clusters required to reproduce the experi-
mental supersaturations are smaller than the bulk values. For
glycerol, ethylene glycol, and propylene glycol, the experi-
mental and theoretical curves of Sc vs T cross each other at
reduced temperatures corresponding to 0.48, 0.51, and 0.58,
respectively. At these temperatures the corresponding critical
nuclei contain 32, 69, and 103 molecules, respectively. We
note that the cross over point occurs at lower Tr for glycerol
than for the other compounds. This may be related to the
extent of hydrogen bonding which is expected to be stronger
in glycerol since the molecule contains three available hy-
drogen bonding sites. If such a correlation exists, it would
appear that increasing the extent of hydrogen bonding in the
clusters may result in smaller critical clusters which can be
described by a smaller surface tension parameter compared
to the corresponding bulk value. Therefore, the observed
FIG. 11. Critical supersaturation vs reduced temperature. The lower and upper solid curves are for simple fluids and represent barrier heights of 70 and 50 kT,
respectively. ETG, PRG, TMG, and GLY denote ethylene glycol, propylene glycol, trimethylene glycol, and glycerol, respectively.
TABLE VII. Molecular properties and critical supersaturations of some hydrogen bonding compounds.
Compound Tra T vb mc Sexp SCNT
Ethylene glycol 0.52 335.4 1.15 2.2 4.94 5.17
Propylene glycol 0.52 325.0 1.12 3.6 3.66 5.17
Trimethylene glycol 0.52 376.5 0.70 3.7 3.34 4.07
Glycerol 0.52 377.5 1.51 3.0 15.2 15.7
Ethanol 0.52 268.3 0.64 1.7 2.43 2.36
Propanol 0.52 279.2 0.62 1.7 2.99 2.91
Isopropanol 0.52 264.2 0.67 1.7 3.07 3.00
aTr is the reduced temperature (T/Tc).
bv is the Pitzer acentric parameter calculated from Ref. 47, Eq. ~2-3.1!.
cm is the dipole moment in debye taken from Ref. 47.
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cross over between the experimental and theoretical curves
of Sc vs T could be interpreted as a surface tension transition
from bulk to cluster values. It should be mentioned that a
similar behavior has been observed in the homogeneous
nucleation of mercury which also nucleates at much lower
supersaturations than is expected from the CNT. That behav-
ior could be explained by noting that small clusters of mer-
cury are distinctly nonmetallic, so that their effective surface
free energy will be very different from that of metallic bulk
mercury.17
B. Corresponding states correlation
Because of the approximate nature of the CNT, corre-
sponding states and scaling laws are necessary in order to
correlate trends in critical supersaturations with molecular
properties. The sensitivity of vapor-to-liquid nucleation to
small changes in thermodynamic properties suggests that
nucleation of a simple fluid, all other things being equal,
should be markedly different from the nucleation of a
slightly different structured fluid. This can only be seen
when the nucleation thresholds are expressed in a suitable
dimensionless, corresponding states form. In this case, one
can examine possible correlations between molecular prop-
erties and the critical supersaturations required to cause a
vapor to condense. The nucleation behavior of simple fluids
serves as a reference point from which the systematic devia-
tions due to complex fluids can be revealed and easily asso-
ciated with a particular molecular property.
McGraw71 derived the following dimensionless form for
the free energy maximum of nucleation, W*,







kB is Boltzmann’s constant, and Tr5T/Tc . Equation ~5! is
based on Guggenheim’s empirical correlations of the surface
tension and the number density of the heavier rare gases and
therefore is a good approximation for the reduced barrier
height of simple fluids. For nucleation rates near unity ~J;1
FIG. 12. Critical supersaturation vs temperature as predicted from the scal-
ing law using V1 and V2 for ethylene glycol.
FIG. 13. Critical supersaturation vs temperature as predicted from the scal-
ing law using V1 and V2 for propylene glycol.
FIG. 14. Critical supersaturation vs temperature as predicted from the scal-
ing law using V1 and V2 for trimethylene glycol.
TABLE VIII. Calculated and predicted ~from the experimental critical su-
persaturations! values of V.
Compound Temp, K V1 V2 Va
Ethylene glycol 325 2.16 1.35 1.25
Propylene glycol 340 2.25 1.83 0.97
Trimethylene glycol 345 1.95 1.63 1.05
Glycerol 355 2.89 1.76 2.02
aBased on the experimental data shown in Fig. 16.
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cm23 s21! W* lies between 50 and 70 kBT . The dependence
of supersaturation on Tr for simple fluids is shown in Fig. 10
as two solid curves for barrier heights of 50 and 70 kBT
along with the experimental Sc values for the studied com-
pounds. It is interesting to note that the glycols ~with the
exception of glycerol! fall within the curves corresponding to
simple fluid nucleation behavior. Similar observations have
been found for other fluids such as NH3, CHCl3 , and CCl3F
and for associated vapors such as acetic and formic acids.
McGraw pointed out that the corresponding states of the
nucleation thresholds incorporates the effect of vapor asso-
ciation in an approximate way. This is because e0/kBTc is a
universal constant for simple fluids and hence any increase in
e0 due to association must be accompanied by an increase in
Tc to keep e0/kBTc constant. This leads to a reduction in Tr
which would mean an increase in Sc of the associated vapors
to conform to the pattern of simple fluids.
Figure 11 also compares the nucleation behavior of the
glycols with the monohydroxy compounds ethanol,
n-propanol, and isopropanol. It is clear that the critical su-
persaturation increases with increasing size of the alcohol. It
is interesting to note that trimethylene glycol, propylene gly-
col, n-propanol, and isopropanol lie almost on the same
curve.
Table VII lists the Pitzer acentric parameters, dipole mo-
ments, and critical supersaturations at Tr50.52 for the com-
pounds shown in Fig. 10. McGraw observed an increase in
the critical supersaturation at a given reduced temperature
with increasing the Pitzer acentric parameter, v among a
series of structurally related molecules.71 This trend is evi-
dent in the experimental data shown in Fig. 10. Glycerol
which has the largest value of v also exhibits the highest
critical supersaturation and the smallest nucleus size.
The corresponding states results suggest different nucle-
ation behavior for partially hydroxylated compounds than for
completely hydroxylated compounds. The partially hydroxy-
lated propylene and trimethylene glycols behave similarly to
the corresponding alcohols, but ethylene glycol and glycerol
are completely different. In these molecules the interaction is
mainly H bonding and all the carbon sites carry OH groups.
Within the critical clusters of propylene and trimethylene
glycols the molecules interact via H bonds as well as by
hydrophobic interaction.
The most prominent feature in Fig. 11 is the unique po-
sition of glycerol in comparison to the other glycols. The
higher critical supersaturation of glycerol leads to quite small
critical clusters ~20–50 molecules at 300–400 K!. This is
consistent with the known tendency of glycerol to form more
stable aerosols compared to the other glycols.
C. Scaled nucleation model
In this section, we analyze our results in terms of the
scaled nucleation model developed by Hale.72–75 For a nucle-
ation rate of 1 cm23 s21, the scaling law is expressed as
ln Sc50.53V3/2@~Tc /T !21#3/2, ~7!
where V is the excess surface entropy per molecule in the
cluster and can be approximated by the Eotvos constant, Ke ,
which is defined as
kBNA
2/3V'Ke5v2/3s/~Tc2T !. ~8!
Hale pointed out that a more reliable value for V can be
obtained from the temperature dependence of the surface ten-
sion according to
V52F]s]T G Y ~kBr2/3!, ~9!
where r is the liquid number density. In order to investigate
the effect of the parameter V on the predictive ability of the
scaling law, we used Eqs. ~8! and ~9! to calculate V for the
studied compounds at a midrange temperature of our data.
The results are given in Table VIII where V calculated from
Eqs. ~8! and ~9! are referred to as V1 and V2 , respectively.
Using these parameters, we calculated the critical supersatu-
ration as a function of temperature using Eq. ~7!. The results
as shown in Figs. 12–15, indicate that the choice of V has a
crucial effect on the calculated supersaturation. It is also evi-
dent that V1 calculated from Eq. ~8! does a relatively better
job in predicting the critical supersaturation than V2 does,
with the exception of propylene glycol where V2 appears to
give supersaturations closer to the experimental values.
The measured supersaturations can be used to extract
values for V from Eq. ~7!. Figure 15 exhibits plots of ln Sc
vs @(Tc/T)21#3/2 based on the experimental values of Sc .
The linearities of the plots are evident and from the slopes of
the lines we calculate the V values which are listed also in
Table VIII.
The most prominent feature in Fig. 16 is the grouping of
the compounds in a similar fashion to that found with the
corresponding states of simple fluids discussed in Sec. III B.
Again, glycerol shows the highest supersaturation followed
FIG. 15. Critical supersaturation vs temperature as predicted from the scal-
ing law using V1 and V2 for glycerol.
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by ethylene glycol. Therefore the characteristic nucleation
behavior of the glycerol is clearly seen from the two scaled
models.
IV. CONCLUSIONS
~1! The critical supersaturations required for the homo-
geneous nucleation ~rate of 1 drop/cm3/s! of ethylene glycol,
propylene glycol, trimethylene glycol and glycerol vapors
have been measured over wide temperature ranges ~e.g.,
280–400 K! using an upward thermal diffusion cloud cham-
ber. At lower temperatures the experimental nucleation rates
are much higher than the predictions of the classical nucle-
ation theory. Glycerol shows the best agreement between
experiment and theory in the temperature range of 340–370
K. However, at lower temperatures ~300–330 K! the mea-
sured critical supersaturations are lower than the predictions
of the theory, which is the case with all the studied glycols.
~2! A small apparent increase in the critical supersatura-
tion with carrier gas pressure has been observed in the dif-
fusion cloud chamber. This effect is more pronounced at
lower temperatures and with increasing molecular weight of
the condensing vapor. It is suggested that the pressure effect
arises from the dynamics of growth and motion of the drop-
lets and not from a pressure dependence of the kinetics of
homogeneous nucleation.60
~3! The results from corresponding states and scaled
nucleation models indicate that the nucleation behavior of
glycerol is quite different from other glycols. Glycerol re-
quires higher critical supersaturations compared to the other
glycols at the same reduced temperatures. This leads to quite
small critical nuclei for glycerol ~20–50 molecules!. This
result explains the well known tendency of glycerol to form
stable aerosols. This behavior could also be related to the
formation of strong hydrogen-bonding networks within the
liquid droplets of glycerol.
~4! The discrepancy between experiment and theory at
lower temperatures may be explained by considering that the
surface tensions of the critical clusters below certain tem-
peratures are smaller than the bulk surface tensions. Further
theoretical work is required in order to fully understand the
observed phenomenon of higher nucleation rates of glycols
and glycerol at lower temperatures. We are currently inves-
tigating the applications of other modified forms of the clas-
sical nucleation theory to hydrogen bonding substances such
as glycols and glycerol.32,76–78 Future work will also involve
Monte Carlo simulations of the molecular clusters of these
systems.79,80
~5! To extend the range of operation of the diffusion
cloud chamber for homogeneous nucleation measurements
and for other applications including gas phase polymeriza-
tion and nanocomposite materials, it is necessary to eliminate
convection, wall effects and other instability factors. The mi-
crogravity environment appears to provide a unique oppor-
tunity in this regard. It is suggested to carry out homoge-
neous nucleation measurements in a diffusion cloud chamber
within a high quality, long duration, microgravity environ-
ment. These measurements, in the absence of convection and
gravity effects, would provide critical tests to the effect of
carrier gas pressure which has been a source of controversy
and thus would allow complete evaluation of the various
theories of nucleation and growth. The microgravity environ-
ment would also provide new applications for the cloud
chambers particularly in the control and design of novel
composite materials produced by nucleation from the vapor
phase.
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